Developmental dyslexia is a specific reading disability dyslexic participants. Under sequential presentation, in a temporal forced choice paradigm, dyslexics showed that affects 5-10% of the population. Recent studies have suggested that dyslexics may experience a deficit in impaired sensitivity to both drifting and flickering gratings. However, under simultaneous presentation, the visual magnocellular pathway. The most extensively studied prediction deriving from this hypothesis is with a spatial forced choice paradigm, dyslexics' sensitivity did not differ from that of the controls. impaired contrast sensitivity to transient, low-luminance stimuli at low spatial frequencies. However, the findings Within each paradigm, dyslexics' sensitivity was poorer at higher temporal frequencies, consistent with the are inconsistent across studies and even seemingly contradictory. In the present study, we administered magnocellular hypothesis. These results suggest that a basic perceptual impairment in dyslexics may be their several different paradigms for assessing temporal contrast sensitivity, and found both impaired and limited ability to retain-and-compare perceptual traces across brief intervals. normal contrast sensitivity within the same group of
Introduction
Developmental dyslexia is a specific reading disability that largely separate in the primary visual area (Shapley, 1990; Merigan and Maunsell, 1993) . Some degree of segregation affects 5-10% of the population (Shaywitz, 1998) . Dyslexia is usually defined as low reading ability compared with that is retained in higher cortical visual areas, where magnocellular projections are more abundant in the dorsal stream and expected from general cognitive abilities, which cannot be explained by lack of education or emotional stress (Diagnostic parvocellular projections are more abundant in the ventral stream (Ungerleider and Mishkin, 1982; Maunsell et al., and Statistical Manual of Mental Disorders; DSM-IV, 1994) . Several recent studies have reported behavioural, imaging 1990; Schiller and Logothetis, 1990; Maunsell, 1992) . Selective lesions to the magnocellular layers of monkey and EEG abnormalities that may reflect a deficit in dyslexics' visual magnocellular pathway (for a review, see Stein and LGN result in reduced contrast sensitivity to stimuli of low luminance and high temporal frequency (at or above 10 Hz; Walsh, 1997) . Together with more direct anatomical evidence (Livingstone et al., 1991) , they constitute the experimental Merigan and Maunsell, 1990; Merigan et al., 1991a) . Thus, detection of briefly presented stimuli, or stimuli that flicker basis for the 'magnocellular hypothesis,' described below. According to this hypothesis, the magnocellular system is or drift along the screen (i.e. transient stimuli), is impaired. On the other hand, no deficit in contrast sensitivity has been impaired in a large proportion of dyslexics and this deficit contributes to their reading difficulties.
found for detecting stationary stimuli (i.e. sustained stimuli).
In the spatial domain, impaired sensitivity is found mainly The division between the magnocellular and parvocellular pathways in the visual system begins at the retina, where for low spatial frequencies (at or below 1 cycle per degree (c/°); see Skottun, 2000 for an evaluation of both spatial and they differ in cell size (large versus small, respectively). Large compared with small retinal ganglion cells project to temporal parameters). Several lines of research have reported findings that support different layers in the lateral geniculate nucleus (LGN) (see Shapley and Perry, 1986) . Projections from the LGN are still a link between a magnocellular deficit and dyslexia. A post-mortem study of dyslexics' brains found that the number and 1997; Walther-Muller, 1995, respectively) . This suggestion is hard to test, since the proportion of various types of size of neurones were reduced in the magnocellular layers of their LGNs (Livingstone et al., 1991) . EEGs showed that dyslexia depends on the specific tests used to assess these subtypes, which of course cannot be the same across different responses to brief, low-luminance stimuli were reduced or delayed in dyslexics (Livingstone et al., 1991; Lehmkuhle, languages.
In the present study, we too inquired whether dyslexics' 1993). Psychophysical studies, beginning with that of Lovegrove and colleagues (Lovegrove et al., 1980) , reported contrast sensitivity, or at least the sensitivity in a specific subtype of dyslexia, is indeed impaired in a manner consistent impaired contrast sensitivity in dyslexics.
On the basis of the above, a magnocellular deficit is with a magnocellular deficit. However, being aware of interstudy differences, we also tried to resolve the source of expected to induce a greater impairment in contrast sensitivity for higher (Ͼ10 Hz) temporal frequencies and lower previous discrepancies. Towards this goal, we recruited a group of adult dyslexics and systematically characterized their (Ͻ1 c/°) spatial frequencies. Indeed several studies report findings supporting this prediction (Martin and Lovegrove, reading and cognitive abilities. In addition, we administered a variety of tests to assess contrast sensitivity, using different 1987; Evans et al., 1994, Flemingham and Jakobsen, 1995; Borsting et al., 1996; Ridder et al., 1997; Demb et al., 1998;  behavioural paradigms and stimulus conditions. In particular, we chose to replicate the experimental designs used in two Slaghuis and Ryan, 1999) . However, other studies have not found any impairment using similar stimuli (Cornelissen previous studies, one conducted in Australia where a clear magnocellular-like deficit was found (Borsting et al., 1996 (Borsting et al., ), et al., 1995 Gross-Glenn et al., 1995; Walther-Muller, 1995; Hayduk et al., 1996; Spinelli et al., 1997) . Whereas the and the other in Italy (Spinelli et al., 1997) where no such deficit was found. Both groups of researchers attributed negative findings in some studies could be attributed to the use of high-luminance stimuli (Cornelissen et al., 1995;  their conflicting results to sampling of different subtypes of dyslexia. Gross-Glenn et al., 1995) , and are thus not inconsistent with the magnocellular hypothesis, other results are hard to Spinelli and colleagues suggested that since the orthography of Italian is shallow (i.e. regular graphemereconcile (Walther-Muller, 1995; Hayduk et al., 1996; Spinelli et al., 1997) .
phoneme correspondence) whereas English has a deep orthography (i.e. irregular grapheme-phoneme correspondEven more puzzling findings, from the perspective of the magnocellular deficit theory, are reports of impaired ence), the proportion of Italian dyslexics experiencing phonological difficulties should be smaller. Since previous sensitivity in ranges attributed to the parvocellular pathway (Merigan et al., 1991b) . These include reports of impaired studies have reported impaired contrast sensitivity only in dyslexics with phonological difficulties, they state that it is sensitivity to sustained stimuli (Lovegrove et al., 1982; Cornelissen, 1993; Mason et al., 1993; Evans et al., 1994;  not surprising that no such impairment was found in their Italian study. Spinelli et al., 1997) with or without impaired sensitivity to transient stimuli. Other inconsistencies include findings that Variability in these results was attributed in part to differences in alphabetic code; therefore, we wondered impaired detection of transient stimuli is more pronounced at the high spatial frequency range (Martin and Lovegrove, whether the contrast sensitivity of Israeli dyslexics (Hebrew readers) would resemble the Italian or Australian pattern of 1987, 1988) .
One interpretation which frequently is put forward to results. Since Hebrew has both deep and shallow orthography, it is difficult to predict which pattern of results Hebrew account for cross-study variability in contrast sensitivity is that different studies have assessed different types of dyslexia.
readers would fit with best. There are two forms of written Hebrew. One, pointed Hebrew, contains a highly regular Borsting and colleagues (in adults) and Slaghuis and Ryan (in children) (Borsting et al., 1996; Slaghuis and Ryan, 1999) spelling-sound correspondence (vowels are indicated by diacritical marks). The other, unpointed Hebrew, has an found impaired contrast sensitivity only in one type of dyslexia; namely, those who express difficulties in both irregular correspondence (vowel marks are omitted). Children are first taught to read pointed Hebrew. However, following phonological abilities and in their ability to read and spell irregular words (dysphoneidetics, as defined by Boder, 1973) .
increased exposure to print, they begin to read without the vowel marks. Most adults only read in the latter form. The The estimated prevalence of this type depends on the assessment procedure (Manis et al., 1996) , and ranges from subjects in this study were adults experienced with both forms of written Hebrew. 10% of the dyslexic population (Flynn and Boder, 1991) to a third and more (Castles and Coltheart, 1993) .
Although the interpretation of these results in terms of different subtypes of dyslexia is plausible, there were also If the prevalence of dyslexics with an impaired magnocellular system is high, it is surprising that some several methodological differences between the studies. One particularly striking difference concerns the behavioural studies have failed to detect such a deficit. One explanation is that the proportion of different types of dyslexia is language paradigms. Each trial in the Australian study included two sequential intervals, and subjects were required to indicate dependent, with perhaps fewer phonological difficulties in individuals speaking languages with easy and shallow which interval contained the stimulus (temporal forced choice, T-FC). In the Italian study, only one interval was used in phonetic rules, such as Italian or German (see Spinelli et al., each trial, and the subjects indicated whether the stimulus omitted. Orthographic skills were assessed using both a spelling and a lexical decision task between words and their had been presented in the upper or lower part of the screen (spatial forced choice, S-FC). Thus, in the Australian study, pseudohomophones (Shalem and Lachmann, 1998) . The Hebrew language consists of 22 letters, of which five letter subjects were asked implicitly to make temporal comparisons, whereas in the Italian study, comparisons were between pairs are homophones. All of the possible homophonic pairs were used in the lexical decision task. Phonological awareness different positions on the screen. Sequential comparisons may pose greater difficulties for dyslexics (e.g. Eden et al., was assessed separately using a spoonerism task (swapping the first phoneme in the first word with the first phoneme in 1995; Laasonen et al., 2000) . Therefore, we also decided to examine the impact of temporal versus spatial comparisons the second word of an orally presented word pair). General cognitive skills were assessed with the Raven-SPM test on contrast sensitivity, by applying both experimental procedures in the same group of Hebrew readers. (Raven et al., 1992) and four subtests (block design, digit symbol-coding, digit span and similarities) of the Wechsler To summarize the experiments reported below, we replicated these two experimental designs and reproduced Adult Intelligence Scale, WAIS-III (Wechsler, 1997). Dyslexics were significantly poorer than controls in all both sets of results, finding both magnocellular deficits (as in Borsting et al., 1996) and a lack of magnocellular deficits reading and spelling measures, both in accuracy and in rate, as shown in Table 1 . Yet, while accuracy was variable within (as in Spinelli et al., 1997) within the same test population of Hebrew-speaking dyslexic adults. Thus, the difference in the dyslexic group, speed was consistently slower among the dyslexics, with almost no overlap with the control group (see results could not be attributed to a different sampling of dyslexia subtypes. Rather, the differences were the outcome Shaywitz, 1998) . Interestingly, dyslexics' reading rate was just as impaired for words as for non-words. Relative reading of applying different assessment procedures. When a T-FC paradigm was used, dyslexics' detection was impaired.
rate improved only when words were read in context, as part of a whole paragraph. However, no impairment was detected in an S-FC paradigm using either sustained or transient stimuli. Within the T-FC Measures of short-term verbal memory (digit span), visual symbol memorization and eye-hand coordination (digit paradigm, stimuli with higher temporal frequencies caused greater contrast sensitivity deficits, consistent with a symbol-coding), known to be impaired specifically among dyslexics (Mishra et al., 1985; Swanson, 1994; Vargo et al. , magnocellular hypothesis. These findings suggest that the type of perceptual comparison required by the task is more 1995), were significantly poorer in our dyslexic group compared with those of controls. General cognitive abilities critical to dyslexics' performance than the specific properties of the stimuli used. The requirement to retain an accurate trace typically used to match controls and dyslexics (block design and similarities, subtests of WAIS-III) did not differ between for subsequent comparison introduces a specific difficulty for dyslexics, even when explicit instructions involve only groups (Table 1) . Although all the participants had fulfilled high school requirements, the dyslexics' average performance detection. Preliminary results of this study have been presented in abstract form (Ben-Yehudah et al., 2000) . on these subtests was somewhat poorer than that of the controls. Also, performance on the form completion test, as measured by the Standard Raven Progressive Matrices, was significantly poorer in the dyslexic group. This test may Experiment 1: Contrast sensitivity in dyslexia constitute a specific difficulty for some dyslexics, since
Methods
verbalization of steps towards a solution substantially aids in solving the problems posed by the more difficult test items
Subjects
Our subjects were 38 reading-disabled adults (22 female, 16 (Carpenter et al., 1990 ). Since we were interested in the relationship between cognitive abilities and contrast male; mean age 22.3 Ϯ 4.2 years) and 42 normal readers (29 female, 13 male; mean age 22.5 Ϯ 4.1 years; see Table 1 ).
sensitivity, we did not exclude poorer performers from our test population. This aspect of our study is addressed in the All subjects were native Hebrew speakers and had normal or corrected-to-normal eyesight. Consent was obtained from next section. all subjects before data collection commenced. Dyslexic subjects were referred to us by educators, parents or by selfreport, on the basis of a documented history of specific
Stimuli and experimental design
We replicated, with minor differences, the stimuli and reading difficulties. Additional recruitment was through advertisements posted at the Hebrew University. As controls, behavioural procedures of two previous studies that assessed contrast sensitivity in dyslexia. In one study (Borsting et al., we asked dyslexic participants to bring friends and/or spouses, thus ensuring a similar age group with a similar educational 1996), whose equivalent in our replication was termed 'T-Drift' (T indicates a temporal judgement), a drifting background.
As part of the study, we administered reading, spelling vertical sinusoidal grating was used. Detection at several spatial frequencies (0.5, 1, 2, 4, 8 or 12 c/°) was assessed and cognitive tests. Oral reading tests included lists of single words and non-words written with vowel marks, and an separately for 1 and 10 Hz drifting gratings (mean luminance 20.7 cd/m 2 ). Observers sat 150 cm from the monitor, and the academic-level paragraph in which vowel marks were Significance levels are for two-tailed t test for heteroscedastic samples. n.s. ϭ not significant. *Reading accuracy for single words and non-words aloud; † speed of reading single words and non-words aloud; ‡ speed of reading a paragraph aloud; § a lexical decision task between words and their pseudohomophones; ¶ switching the first phoneme in the first word with the first phoneme in the second word in a word pair; # accuracy of selecting the correct missing section of a matrix; **four subtests of the WAIS-III test.
stimulus subtended 12.5°ϫ 9°. Subjects made a twoexperiment (T-Drift, S-Flicker and S-Sustained) are summarized in Table 2 . alternative T-FC judgement, indicating which of the two trial
In each of these three conditions, the various spatial/ intervals contained the stimulus (uniform mean luminance temporal frequencies were presented in mixed pseudorandom was used in the other interval). Each trial was composed of
order. An adaptive staircase procedure was used to assess two 500 ms intervals, separated by a 500 ms inter-stimulus thresholds. Stimulus contrast was increased (1 dB) following interval (ISI), during which the screen was of uniform mean an incorrect response, and decreased following two luminance. Each interval was demarcated by a tone.
consecutive correct responses. The next trial was initiated In the second study (Spinelli et al., 1997) , a small circular 1 s after a response was given. If no response was given patch (2.5°diameter) containing a horizontal sinusoidal within 2 s following stimulus termination, the trial was grating was presented 0.28°above or below the centre of the ignored and the next trial was initiated. An experimental screen. Contrast sensitivity was assessed for both transient assessment was terminated when 50 trials were completed (flickering gratings) and sustained (stationary gratings) for each test frequency. Detection threshold (% contrast) was stimuli. In the transient condition, whose equivalent in calculated by averaging the last five reversals. Data are our replication was termed 'S-Flicker' (S indicates spatial presented in the conventional form plotting sensitivity judgement), contrast sensitivity was determined for 0.5 c/°( 1/threshold). Significance levels of group differences gratings, flickering at 5, 10, 17 or 25 Hz (square wave). In between dyslexics and controls were assessed with planned the sustained condition, termed here 'S-Sustained', sensitivity comparisons using a two-tailed t test for independent samples. was determined for stationary gratings of 1, 2, 4, 8 and Differences were considered significant in Experiments 1 and 16 c/°. Viewing distance was 150 cm (mean luminance 2 for P Ͻ 0.05, and marginally significant for 0.05 Ͻ P Ͻ 0.1. 15.3 cd/m 2 ). In both conditions, stimulus duration was 2 s All stimuli were presented on a 17 inch Trinitron Multiscan and its appearance was demarcated by a tone. Subjects II monitor, using a VSG graphics card (VSG software version performed a two-alternative S-FC judgement, indicating 5.02, Cambridge Research Systems). Subjects responded whether the stimulus appeared in the upper or lower part of using a response box (CB3, Cambridge Research Systems). the screen.
All experiments were conducted in a dark room and began after a few minutes of dark adaptation. The parameters used in the three conditions of this 
Results
was administered. Dyslexics' contrast sensitivity, as measured in the 1 and 10 Hz T-Drift conditions, was poorer than that of the control subjects ( Fig. 1) , consistent with the findings of Borsting and Experiment 2: Temporal versus spatial colleagues (Borsting et al., 1996) . As expected from a magnocellular deficit, mostly marginal differences were found judgements for the 1 Hz drift (Fig. 1A) , whereas significant differences Since the first experiment suggested that sequential were found for the 10 Hz drift (Fig. 1B) . A repeated measures comparisons may impede dyslexics' performance, we ANOVA (analysis of variance) was used to examine the designed a second experiment to pinpoint possible differences effect of subject group and spatial frequency on contrast in the behavioural paradigms of the T-Drift and S-Flicker sensitivity. In the 1 Hz drift, there was only a marginally conditions. In the T-Drift condition, large full-screen drifting significant effect for group [F(1,78) ϭ 2.77, P ϭ 0.1], gratings were applied and subjects were asked to make a whereas in the 10 Hz drift a highly significant group effect temporal judgement. In the S-Flicker condition, smaller (2.5°w as found [F(1,78) ϭ 9.38, P Ͻ 0.005]. No interaction was diameter) patches of flickering gratings were used, and the found between group and spatial frequency, for either the 1 subjects were asked to make a spatial judgement. Although or 10 Hz drift. As illustrated in Fig. 1B (upper graph) , differences in methodologies spanned both stimuli and significant group differences were found for both low {0.5 c/°behavioural paradigms, we hypothesized that the behavioural [t(78) ϭ 2.34, P ϭ 0.02] and 1 c/°[t(78) ϭ 2.83, P Ͻ 0.01]} paradigm was the crucial factor. Our hypothesis was based and high {8 c/°[t(78) ϭ 3.03, P Ͻ 0.005] and 12 c/°on a large body of literature indicating that dyslexics' short-[t(78) ϭ2.44, P ϭ 0.02]} spatial frequencies, though not term categorical and perceptual memory may be impaired (e.g. Vargo et al., 1995) . We reasoned that if the particular for intermediate ones. The log ratio between the contrast difficulty for the dyslexic group in the original T-Drift sensitivity of control and dyslexic subjects reveals that the condition stemmed from the requirement to retain-andlargest quotient was for the highest spatial frequencies, as compare a perceptual trace, we should be able to eliminate shown in Fig. 1B (lower graph) . Note that the higher the group effect if the T-FC judgement was changed to an the spatial frequency, maintaining 10 Hz across spatial S-FC judgement (S-Drift). Similarly, changing the S-Flicker frequencies results in slower drift velocities (e.g. 1.25°/s for condition to a T-FC judgement (T-Flicker) should reveal a 8 c/°).
group difference. Experiment 2 tested this hypothesis. Dyslexics' contrast sensitivity measured under the two spatial judgement conditions did not differ from that of controls, either for sustained (S-Sustained) or for transient (S-Flicker) stimuli, as shown in Fig. 2 . This result is consistent Methods with findings by Spinelli and colleagues (Spinelli et al., Subjects who participated in the first experiment (lasting 4 h 1997). Interestingly, a marginally significant difference was in two sessions) were invited for another test session (29 found for transient stimuli at low and medium spatial dyslexic and 34 control subjects returned). Four new frequencies {5 Hz [t(78) ϭ 1.87, P ϭ 0.065] and 17 Hz conditions were designed, as summarized in Table 2 . In one, [t(78) ϭ 1.72, P ϭ 0.089]} respectively,.
the S-Flicker condition was adapted to a 'T-Flicker' condition. Thus, using the same population of control and dyslexic
The stimulus was now a circular patch of 0.5 c/°horizontal subjects, we found that dyslexics' temporal contrast grating, which appeared in the centre of screen at one of two successive intervals (the surrounding screen and the whole sensitivity was impaired in the T-Drift condition, but was and one low spatial frequency (0.5 and 8 c/°). This replication sensitivity of control and dyslexic subjects is shown in the lower simplified the previous condition, by using only two instead plot. *P Ͻ 0.05 using a t test; **P Ͻ 0.01. of six different spatial frequencies, thus ensuring that it was not the duration of the assessment (which is long in T-FC paradigms) that made it particularly difficult for some screen during the ISI was set at the grating's mean luminance). Detection was now measured only at 10 Hz. Each interval dyslexics.
(ii) A variation on T-Drift II (0.5 c/°) which differed from it only in the ISI, which was prolonged from was presented for 1 s with a 500 ms ISI. Other properties of the stimulus were identical to those of the previous S-Flicker the previous 0.5 s to 1 s (termed 'TL-Drift', where L indicates a long ISI). This variation examined whether a longer condition.
The other three conditions were adapted from the T-Drift interval between stimuli would decrease or increase dyslexics' difficulties. If the source of dyslexics' difficulties is the condition and included the following. (i) A replication of the previous 10 Hz T-Drift termed 'T-Drift II', using one high temporal proximity between stimuli, which does not enable , there is no difference between dyslexic and control subjects. In the temporal variation of this task (T-Flicker), there is a highly significant difference between the two groups. (B) In the 10 Hz T-Drift condition (0.5 c/°), there is a significant group difference when all the subjects are considered (see Fig. 1 ), but this difference is only marginally significant when only subjects who also participated in the second experiment are compared (T-Drift II). In the spatial variation of this condition (S-Drift), there is no difference between the groups. When the ISI in the temporal paradigm is increased to 1 s (TL-Drift), there is a highly significant difference between groups, due to the improved contrast sensitivity of the control group. *P Ͻ 0.05 using a t test; **P Ͻ 0.01.
sufficient processing time, then increasing the ISI should made a spatial comparison, indicating whether the stimulus appeared in the upper or lower half of the screen (using 0.5 improve performance. However, if dyslexics' difficulties stem from the specific requirements on visual perceptual memory, and 8 c/°). Stimulus duration was 500 ms. The remaining parameters and experimental procedure for these conditions increasing the ISI may hinder their performance. (iii) A variation of T-Drift II termed 'S-Drift', in which subjects were identical to those in the previous T-Drift condition.
In line with our hypothesis, changing the S-Flicker condition to the T-Flicker paradigm resulted in significantly poorer detection within the dyslexic as compared with the control group [t(55.5) ϭ 2.8, P Ͻ 0.01]. The data collected at 0.5 c/°for these two conditions (for subjects who completed all contrast sensitivity assessments) are shown in Fig. 3A .
As described above, when observers had to indicate whether the flickering gratings appeared in the upper or lower part of the screen, no difference was found between controls and dyslexics. However, in a temporal judgement paradigm, using very similar stimuli, a highly significant difference was found between these same subject groups. This difference stems mainly from the fact that most control subjects performed better in the T-Flicker paradigm than in the S-Flicker paradigm. Dyslexics' sensitivity was similar in both paradigms. The group difference remains significant [t(58) ϭ 2.14, P ϭ 0.03] even when the three control subjects to the S-Drift paradigm, no difference was found between and for group averages Ϯ standard error of the mean (filled the control and dyslexic groups, as illustrated in Fig. 3B . symbols). **P Ͻ 0.005 using a t test.
The replication of the previous T-Drift paradigm (T-Drift II) at 0.5 c/°yielded a marginally significant difference [t(61) ϭ did not arise from different populations. Using flickering 1.96, P ϭ 0.055]; note that only some of the participants in compared with drifting gratings was not crucial either. The the first two sessions returned for an additional session. main factor affecting group differences was the relative This difference became highly significant in the TL-Drift advantage of normal readers, as compared with dyslexics, in condition, where the ISI was prolonged to 1 s [t(60) ϭ 2.68, T-FC paradigms. Even though only detection was required P Ͻ 0.01]. Here too, extending the ISI improved detection explicitly in this paradigm, an accurate comparison improved of most controls {the averages of 567.4 and 645.4 for the Sthresholds. Since sensitivity in the T-FC paradigm improves Drift and TL-Drift, respectively, differ significantly [t(29) ϭ when stimuli are retained and compared accurately, dyslexics 2.44, P ϭ 0.02]}, but had no similar effect on dyslexics' are faced with a particular disadvantage. contrast sensitivity.
Changing from an S-FC paradigm to a T-FC paradigm had a differential effect on performance for dyslexic and control
Drifting compared with flickering gratings
subjects. Figure 4 shows, for each participant, the log ratio Do the same individuals have difficulties on both the drifting between contrast sensitivity in T-FC compared with S-FC, and flickering gratings? Figure 5A illustrates Spearman's for the Drift and Flicker conditions. In these conditions, (rank) correlation between sensitivities measured in T-Flicker control subjects tended to perform better in the T-FC and T-Drift II, administered in the last test session. In both paradigms, with an average ratio (temporal/spatial) of 1.2 cases, observers made a T-FC judgement, indicating which and 1.5, respectively. This group effect was highly significant interval contained the 0.5 c/°grating modulated at 10 Hz. in the Flicker condition [t(61) ϭ 3.12, P Ͻ 0.005], where This correlation was highly significant (Spearman, r ϭ 0.4, dyslexic participants were scattered with an average ratio P Ͻ 0.001). Typically, observers were either good or poor near zero (no difference). The majority of dyslexics did not detectors in both paradigms, although a few dyslexic and a utilize the advantage afforded to most control participants few control subjects show discrepancies, performing either by the T-FC paradigms. Interestingly, this advantage was T-Flicker or T-Drift II substantially better. significant even though stimulus duration was quite long in On the other hand, the sensitivities measured in the both paradigms (2 s for S-Flicker and 1 s for T-Flicker).
S-Flicker and T-Flicker conditions, illustrated in Fig. 5B , are The results of our modifications of the S-FC and T-FC not correlated (Spearman, r ϭ 0.03, n.s.). Both paradigms paradigms show that the differences in patterns of results used very similar stimuli (although not completely reported by Borsting and colleagues and by Spinelli and overlapping spatially), but in one condition subjects made an colleagues (Borsting et al., 1996; Spinelli et al., 1997) S-FC judgement, while, in the other, subjects made a T-FC can be accounted for by the difference in the behavioural judgement. Rank correlations calculated separately for each group paradigms used. In our replication, the different findings of the dyslexic group is an outcome of their inability to utilize the advantage afforded to most controls in a sequential stimulus presentation.
While the structure of the paradigm is important, stimulus characteristics are also relevant. For example, as shown in Fig. 5C , even within a single assessment condition (T-Drift II), the correlation between detection at 0.5 and at 8 c/°was nearly zero (Spearman, r ϭ 0.11, n.s.), both when all of the subjects were considered and when data for each group were analysed separately. Interestingly, detection at 0.5 c/°is the exception, since detection thresholds at the higher spatial frequencies (1 c/°and higher) were significantly intercorrelated.
The dependence of sensitivity on subject selection
To what extent did our subject selection criteria (or sampling bias) affect our findings? Since this was one of the main issues in this study, we characterized our participants' cognitive and reading abilities, enabling examination of the relationships between each of the following factors and contrast sensitivity.
Specific type of reading difficulty
Previous studies (Borsting et al., 1996; Ridder et al., 1997; Spinelli et al., 1997; Slaghuis and Ryan, 1999) suggested that only one subtype of dyslexics, i.e. dysphoneidetics, who have difficulties in reading non-words, reading irregular words and in spelling (Flynn and Boder, 1991) , are consistently poorer in their temporal contrast sensitivity. Dyslexics who have specific difficulties in reading non-words (dysphonetics) have a broad range of contrast sensitivities, and dyslexics who have specific difficulties in reading and spelling irregular words (dyseidetics) have normal contrast sensitivity.
Applying this division to subtypes of Israeli dyslexics was difficult, since there are no formal tests for assessing these division (Boder, 1971 (Boder, , 1973 into Hebrew, we defined standard deviations between these measures was set as a sensitivity measured in the S-Flicker and T-Flicker conditions is threshold for determining a large discrepancy. We thus defined nearly zero although stimulus characteristics are almost the same.
three subtypes according to their relative pattern of reading (C) Detection for the lowest spatial frequency (0.5 c/°) is not non-words compared with orthographic abilities, and a fourth correlated with detection of high spatial frequencies although both were tested within the same assessment using the same procedure.
subtype as having only mild difficulties (within 2 SD from A higher rank order indicates poorer performance in all plots. controls in both reading and orthographic abilities). Table 3 shows reading and cognitive scores of the different dyslexia subtypes which we defined. Contrast sensitivity did yielded a similar trend of results for the control group (T-Flicker and T-Drift II: r ϭ 0.45, P Ͻ 0.01; T-Flicker and not differ consistently across these subgroups. For example, in the 10 Hz T-Drift condition, a repeated measures ANOVA S-Flicker: n.s.), whereas neither correlation was significant for the dyslexic group. This difference between groups is (analysis of variance) that examined the effect of dyslexia subtype and spatial frequency on contrast sensitivity showed consistent with the observation that the relative impairment Gustafson and Samuelsson, 1999) , contrast sensitivity may still differ between these groups. We thus compared the P Ͻ 0.001], but no effect for dyslexia subtype [F(3,34) ϭ 0.95, P ϭ 0.43] or for the interaction between these factors. temporal contrast sensitivity of the individuals in our test population, who would be defined as dyslexics by the Figure 6 illustrates the mean contrast sensitivity for these subgroups in the 10 Hz T-Drift condition (experiment 1) and in most stringent intelligence criteria (0-4 errors in the Raven-SPM test, 12 dyslexics and 24 controls), with individuals the various T-FC conditions tested in the second experiment. Dysphonetics had both the lowest non-word reading rates with reading difficulties and average cognitive abilities (5-9 errors in the Raven-SPM test, 14 dyslexics and 18 and the poorest cognitive abilities, yet their contrast sensitivity was not lower than that of the other subtypes. In fact, contrast controls). Each reading-disabled subgroup was compared with their age-and intelligence-matched controls. Poor sensitivity of three of the four subgroups (dysphonetics, dyseidetics and dyslexics with mild reading deficits) was readers with above average intelligence measures (dyslexics, given traditional definitions) were significantly less sensitive poorer than that of controls in 10 Hz T-Drift, as illustrated in Fig. 6A . Only dysphoneidetics' contrast sensitivity did not than their matched control subgroup in the temporaljudgement conditions {[t(16) ϭ3.52, P Ͻ 0.005], [t(16) ϭ differ from that of controls. However, they were poorer than controls in detecting flickering gratings, as illustrated in 2.89, P Ͻ 0.01]; respectively, T-Flicker and TL-Drift}. Interestingly, individuals with reading difficulties and Fig. 6B .
Thus, subtyping dyslexics according to their specific pattern average cognitive abilities did not have poorer contrast sensitivity than their matched control group. Contrast of phonological and orthographic difficulties did not yield any distinct population with or without difficulties in detecting sensitivity of the remaining individuals with reading difficulties (12 participants with the lowest Raven-SPM transient gratings. Applying other related criteria for defining dysphonetics and dyseidetics yielded similar negative scores) was poor, with respect to both the control subgroups and the other dyslexic subgroups for most of the transient results.
stimuli, though not for the sustained stimuli.
Cognitive abilities
This distinction is related to traditional definitions of
Severity of reading difficulty
Contrast sensitivity was not correlated with reading scores, dyslexics (DSM-IV, 1994) having at least average intelligence compared with other poor readers who have either within the control or within the dyslexic group (e.g. Spearman's correlation between reading accuracy of nonadditional cognitive difficulties. While this definition has been challenged recently since both groups suffer from words and contrast sensitivity in 10 Hz T-Drift was not significant for any spatial frequency; in all conditions r Ͻ 0.16 poor phonological abilities (Siegel, 1992; Lyon, 1995;  and r Ͻ 0.15, for the control and dyslexic groups, respectively). In fact, as illustrated in Fig. 6 , dyslexics who currently experience only mild reading deficits were significantly poorer than controls in detecting both drifting and flickering temporally judged gratings.
Discussion

Summary of results
In the first experiment, we replicated the experimental design of two previous studies and reproduced their differing results. Using drifting gratings presented in a T-FC paradigm (replicating Borsting et al., 1996) , dyslexics' contrast sensitivity was poorer than that of controls. Consistent with the magnocellular hypothesis, dyslexics' relative sensitivity was poorer for 10 Hz compared with 1 Hz drift. However, when flickering gratings at various temporal frequencies were used in an S-FC paradigm (replicating Spinelli et al., 1997) , no difference was found between the two groups.
In the second experiment, we tested the hypothesis that the difference in relative sensitivities stemmed from dyslexics' specific difficulties in retaining and comparing accurate visual traces. We thus designed a T-FC version of the flickering gratings previously administered in an S-FC paradigm, and an S-FC version of the drifting gratings previously administered in a T-FC paradigm. Indeed, when tested in a T-FC paradigm, dyslexics were poorer in detecting both the drifting and flickering gratings. Poor temporal contrast sensitivity for drifting and flickering gratings was not related to more severe reading deficits, or to lower cognitive abilities. Neither could we relate poor sensitivity to a specific pattern of reading difficulties, phonological or orthographic.
Relation to previous studies assessing contrast sensitivity in dyslexia Table 3 ). All subtype groups to which inter-study variability can be accounted for by showed poorer performance than that of controls. (A) In the differences in behavioural methodologies, an aspect that 10 Hz T-Drift condition, dyseidetics (square), dysphonetics previously was ignored. We found that the specific (triangle) and dyslexics with mild reading deficits (diamond) were methodology applied to assess a fundamental perceptual significantly less sensitive than the control group. However, dysphoneidetics' (cross) contrast sensitivity did not differ from property was more crucial than differences in sampling the that of controls. (B) In the T-FC conditions tested in the last dyslexic population. In retrospect, the finding that paradigms session, all dyslexic subtypes were poorer than the control group involving temporal comparisons are difficult for dyslexics in detecting both drifting and flickering gratings.
may not be surprising. However, methodologies are often left unattended. The present findings stress the complexities of the psychophysical trait. Optimal performance, even on applied a T-FC paradigm and found inter-group differences (though Demb and colleagues, comparing small groups, the simplest task, involves incredibly complex coordinated neuronal activity. Thus, when a single assessment procedure found only marginally significant differences). However, the different pattern of results in some studies is used, reduced sensitivity to the stimuli and reduced ability to perform on a given test paradigm are confounded.
cannot be accounted for solely on the basis of the behavioural paradigm used. lower contrasts are presented and the stimulus is not clearly detected. The significant inter-group differences found under 1995). Whether these inter-study differences stem from sampling different types of dyslexia or from additional these conditions, despite substantial inter-group overlap, resulted from two factors. First, no dyslexic individual was methodological differences that we did not examine cannot be determined at this point.
very good in the conditions requiring sequential comparisons. Secondly, dyslexics' data points were clustered around lower levels than those of controls. An interesting point is that all the stimulus durations Contrast sensitivity as a probe of a enabled eye movements. Thus, spatial judgements may also magnocellular deficit have involved temporal comparisons. In the S-FC paradigm, Within a given behavioural paradigm, dyslexics' contrast subjects had a 'second chance' to examine the stimulus, since sensitivity tended to be poorer for higher temporal the duration of the presentation permitted 'going back' to frequencies, in agreement with the magnocellular hypothesis.
the location previously examined. In a sequential presentation When a T-FC paradigm was applied, significant group (i.e. T-FC paradigm), however, by the time the second differences were found for the 10 Hz but not the 1 Hz stimulus was presented, the first was no longer visually T-Drift condition. Although no significant group difference available. Consequently, subjects had to rely on their initial was found for the spatial judgement tasks, a marginally perceptual trace in deciding which interval contained the significant group difference was found in the S-Flicker stimulus. condition (for 5 and 17 Hz), whereas in the S-Sustained
The mechanisms underlying the ability to compare condition the two groups did not differ. However, the sequentially presented stimuli accurately are far from dependence on spatial frequencies was not monotonic. Within understood. In order to compare the response to an incoming the 10 Hz T-Drift paradigm, poorer sensitivity was found for stimulus with the response to a previous stimulus, the visual low (0.5 and 1 c/°) and high (8 and 12 c/°) but not system needs to have a 'memory cell' for each 'perception for intermediate spatial frequencies. This non-monotonic cell' (for a review, see Magnussen, 2000) . It is not clear dependence deviates from the magnocellular hypothesis, what components of the perceptual memory are retained in which predicts that dyslexics' difficulties will increase the purely perceptual areas and what components are held in consistently when the spatial frequency of the stimulus is higher areas, such as the frontal cortex (Haxby et al., 2000) . decreased.
Recent evidence from motion tasks (Bisley and Pasternak, Comparing behavioural paradigms, we found that dyslexics 2000) suggests that both high and low level areas are involved were particularly impaired when assessed in a T-FC design.
in retaining and comparing the perceptual trace. Thus, the The implication of this finding for the magnocellular behavioural deficits revealed in this study may be the outcome hypothesis is not straightforward due to our limited of an impairment at any site within these large-scale understanding of the magnocellular role in perceptual neuronal loops. memory. Monkey studies ablating magnocellular layers of the LGN that report substantial deficits in temporal contrast sensitivity used either a T-FC (Merigan and Maunsell, 1990) or an S-FC (Schiller et al., 1990) paradigm, but did not Dyslexia and the hypothesis of 'fast temporal compare their relative effects. Although higher visual areas processing' along the dorsal stream play a role in retaining accurate A prominent theory proposed to describe dyslexics' perceptual traces (e.g. Bisley and Pasternak, 2000) , the perceptual deficits is the 'fast temporal processing' hypothesis contribution of magnocellular projections to perceptual (Tallal, 1980) . This hypothesis, originally based on memory was not assessed separately.
psychoacoustic results, asserts that dyslexics have difficulties Taken together, our results are consistent with a loose in correctly identifying rapid streams of brief signals. The magnocellular hypothesis, which emphasizes a special deficit magnocellular hypothesis is a concrete suggestion for how a in dyslexics' ability to retain accurate perceptual traces across deficit in 'fast temporal processing' may be manifested in brief intervals.
the visual system (Stein and Walsh, 1997 ).
In the current study, we examined detection and not stimulus identification. We found that dyslexics' detection of high temporal frequencies (25 Hz) was unimpaired, when
Dyslexia and perceptual memory
In a detection task, the subject does not need to compare the tested in an S-FC paradigm. Interestingly, these results are consistent with psychoacoustic results when temporal sequentially presented stimuli in order to achieve reasonable performance. If a stimulus is detected, it need not be compared resolution was the only factor measured. Thus, for example, the minimal duration of silence needed for a 'gap' to be with another one. Indeed, reasonable detection was achieved by all our participants. However, a two-alternative forced detected in a continuous noise was not longer in dyslexics
